Centromeres are a complex of centromere DNA (CEN DNA) and specific factors that help mediate microtubule-dependent movement of chromosomes during mitosis. Minichromosomes can be isolated from budding yeast in a way that their centromeres retain the ability to bind microtubules in vitro. Here, we use the binding of these minichromosomes to microtubules to gain insight into the properties of centromeres assembled in vivo. Our results suggest that neither chromosomal DNA topology nor proximity of telomeres influence the cell's ability to assemble centromeres with microtubule-binding activity. The microtubule-binding activity of the minichromosome's centromere is stable in the presence of competitor CEN DNA, suggesting that the complex between the minichromosome CEN DNA and proteins directly bound to it is very stable. The efficiency of centromere binding to microtubules is dependent upon the concentration of microtubule polymer and is inhibited by ATP. These properties are similar to those exhibited by mechanochemical motors. The binding of minichromosomes to microtubules can be inactivated by the presence of 0.2 M NaCl and then reactivated by restoring NaCl to 0.1 M. In 0.2 M NaCl, some centromere factor(s) bind to microtubules, whereas other(s) apparently remain bound to the minichromosome's CEN DNA. Therefore, the yeast centromere appears to consist of two domains: the first consists of a stable core containing CEN DNA and CEN DNA-binding proteins; the second contains a microtubule-binding component(s). The molecular functions of this second domain are discussed.
INTRODUCTION
Chromosome movement during mitosis depends upon the microtubules of the mitotic spindle and upon the centromere, a specific chromosomal organelle. The centromere is structurally complex; it contains DNA, proteins, and perhaps other unidentified factors. The centromere is also functionally complex; it not only binds microtubules but also is capable of generating the forces that move chromosomes along microtubules both toward and away from the spindle poles. Researchers now are trying to understand the assembly of the centromere, to elucidate the molecular mechanisms of centromere activities like microtubule binding or force production, and to unravel the complex regulation of the centromere necessary for highly ordered chromosome movement.
In the budding yeast Saccharomyces cerevisiae, progress has been made in identifying some of the structural components of centromeres. Centromere DNA (CEN DNA) from different yeast chromosomes has been isolated (Clarke and Carbon, 1980; Fitzgerald-Hayes et al., 1982a; Hieter et al., 1985) and sequenced (FitzgeraldHayes et al., 1982b; Hieter et al., 1985) . All CEN DNA sequences share 125 base pairs (bp) of homology that can be divided into three distinct centromere DNA elements (CDEI, II, and III) . The importance of these DNA elements for mitotic centromere function has been assessed by generating mutations in cloned CEN DNA, substituting the mutant CEN DNA into an endogenous chromosome and then monitoring the chromosome's segregation during cell division (McGrew et al., 1986; Cumberledge and Carbon, 1987; Gaudet and FitzgeraldHayes, 1987; Hegemann et al., 1988) . From these studies, CDEII and CDEIII have been shown to be essential for mitotic centromere function. Recently, several putative centromere proteins have also been identified.
Affinity chromatography with wild-type CEN DNA has been used to purify a fraction of yeast proteins (CBF3) whose binding to CEN DNA is dependent upon the presence of wild-type CDEIII (Lechner and Carbon, 1991) . This fraction has a complex protein profile but contains three prominent proteins of 58 kDa, 64 kDa, and 110 kDa. Mutants with conditional defects in the 110-and 58-kDa proteins have been isolated (Doheny et al., 1993; Goh and Kilmartin, 1993) . The phenotype of these mutants demonstrates that the 58-and 110-kDa proteins are required for proper chromosome segregation, consistent with their identification as centromere components.
The study of the molecular function of centromeres from budding yeast has also progressed recently. Small circular minichromosomes can be generated by adding CEN DNA and an ARS (autonomously replicating sequence) to recombinant DNA vectors (Clarke and Carbon, 1980) . When introduced into yeast, these minichromosomes are replicated and segregated with a fidelity as high as 99% per cell division. Minichromosomes can be recovered in cleared lysates of yeast, and these soluble minichromosomes bind to microtubules assembled from pure bovine tubulin (Kingsbury and Koshland, 1991) . Using CEN DNA mutations, this binding has been shown to be centromere dependent. Moreover, the centromere's ability to mediate microtubule binding in vitro correlates with its ability to ensure minichromosome segregation in vivo. The efficiency of binding is greater in lysates made from mitotic cells than G1 cells. This result suggests that centromere binding to microtubules may be cell cycle regulated. As an alternative approach to study the molecular function of yeast centromeres, complexes assembled with CEN DNA and the CBF3 fraction of proteins have been analyzed for microtubule-dependent activities (Hyman et al., 1992) . These complexes have been shown to contain a minus-end-directed microtubule motor. The association of this motor with the centromere complex requires the presence of wild-type CEN DNA. Although these results suggest that the microtubule motor is a component of the centromere, they do not exclude the fortuitous association in vitro between a "noncentromere" motor protein and a CEN DNA binding protein. In addition, if yeast centromeres exhibit any of the complexity of other eukaryotic centromeres, then not all yeast centromere activities are likely to be reconstituted by the simple addition of the CBF3 fraction to CEN DNA. Therefore, it is valuable to compare the properties of these putative reconstituted centromeres with those assembled in vivo.
In this study the binding of microtubules to the centromeres of isolated yeast minichromosomes is used to gain insight into the properties of in vivo assembled centromeres. We address whether centromere assembly or function is affected by chromosomal DNA topology or proximity to telomeres. We also address whether efficiency of centromere binding to microtubules is dependent upon the polymer or end concentration of microtubules, and whether it is modulated by ATP and other nucleoside triphosphates (NTPs). Finally, we begin to examine the stability of the interaction of centromere factors to each other, to CEN DNA, and to microtubules.
MATERIALS AND METHODS Reagents
Bovine serum albumin (BSA) fraction V, sorbitol, nocodazole, and alpha factor were purchased from Sigma (St. Louis, MO). Proteinase K, NTPs, and phenylmethylsulfonyl fluoride (PMSF) were purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN) , and glusulase was purchased from Dupont Biomedical Products Department (Wilmington, DE). Ethylene glyco-bis-succinimidylsuccinate (EGS) was purchased from Pierce (Rockford, IL). Restriction enzymes and polylinkers were purchased from New England Biolabs (Beverly, MA). Taxol was provided by the Drug Synthesis and Chemistry Branch of National Cancer Institute. Tubulin was kindly provided by Andrew Murray (UCSF).
Strains and Plasmids
The strain 4513-216 (MATa his3 leu2-3,112 ade2 ade3 ura3-52 canl sap3) was constructed in this laboratory. All minichromosomes were introduced into 4513-216 by transformation (Ito et al., 1983) . The circular minichromosomes pDK370 and YCp41 have been described previously (Clarke and Carbon, 1980; Kingsbury and Koshland, 1991 (Kingsbury and Koshland, 1991 ). An abbreviated version of these methods is provided below. Yeast cultures were grown to 1 X 107 cells/ml. Cells from these asynchronous cultures were converted to spheroplasts and then osmotically lysed in EBB buffer (10 mM tris(hydroxymethyl)aminomethane, DTT pH 7.5, 10 mM MgCl2, 0.5 mM PMSF, 0.1 mM dithiothreitol). Minichromosomes were eluted from nuclei by increasing the salt concentration to 0.3 M for 5 min. This salt shock step increased yield about fivefold but was not essential to recovering minichromosomes with microtubule-binding activity. The extracts were diluted threefold with EBB buffer containing BSA to bring the NaCl to 0.1 M and the BSA to 1 mg/ml. The lysate was subjected to two high speed spins to remove debris and most large organelles. We refer to these lysates as asynchronous lysates. Alternatively, after reaching a density of 1 X 107 cells/ml, exponentially dividing cultures were grown in the presence of nocodazole for an additional 3 h to arrest them in mitosis. Minichromosomes were isolated from these mitotic cells as described for asynchronous cells except nocodazole was added to spheroplasting buffer to maintain cells in mitosis while they were being converted to spheroplasts. These lysates are referred to as mitotic lysates.
To assay the ability of minichromosomes in cleared extracts to bind to microtubules, microtubule seeds (1-5,m in length) were assembled in vitro from bovine tubulin and stabilized with taxol (Kingsbury and Koshland, 1991) . These microtubule seeds were added to the 500 ,u aliquots of asynchronous or mitotic extracts (10 MM taxol final) to initiate binding. Fifteen minutes after addition of microtubules, the binding reactions were spun in a microfuge (15 000 rpm, 8 min) to sediment microtubules. The pellet and supernatant fractions were separated. Minichromosome DNA from each fraction was isolated, subjected to agarose electrophoresis, and visualized by the method of Southern using probes homologous to the minichromosomes. The intensities of the bands corresponding to the minichromosomes in the supernatant and pellet fractions were determined using a computing densitometer. The percentage of minichromosome in each fraction was calculated by dividing the intensity of the band in the supernatant or pellet fraction by the sum of the intensities of the supernatant and pellet fractions.
Mitotic Stability of pDK416L, a Short Linear Chromosome, In Vivo and Microtubule-binding Activity of Its Centromeres In Vitro
The mitotic stability of pDK416L and pDK370 was calculated by measuring the fraction of cells that retain these plasmids after growth in selective medium and after growth for 7-9 generations in nonselective medium (Kingsbury and Koshland, 1991 (Kingsbury and Koshland, 1991) . Equal volumes of the two asynchronous cultures were mixed. Alternatively, nocodazole (15 Mg/m final) was added to the mixed cultures. After 3 h, between 80-90% of the cells were synchronized in mitosis. From these mixed cultures, asynchronous and mitotic lysates were prepared that contained both minichromosomes (see above). The ability of minichromosomes to bind to microtubules was assayed over a range of microtubule concentrations using our standard microtubule-binding assay (see above). LEU2 and URA3 probes (Kingsbury and Koshland, 1991) were used to follow YCp41 and pDK416L respectively in the microtubule-bound (pellet) and unbound (supernatant) fractions.
Binding of Minichromosomes to Microtubules in the Presence of Exogenously Added CEN DNA A 1-kb BamHI-Sal I restriction fragment that contained the wild-type CEN6 was purified by standard methods from plasmid pDK381 (Kingsbury and Koshland, 1991) . Increasing amounts (30, 10, 3, 1, 0.3, or 0 ng) of this restriction fragment were added to 500 ul aliquots of a mitotic extract. After 10 min taxol and then taxol-stabilized microtubules (1.3 X 109 microtubules/ml final) were added to each aliquot. The amount of minichromosome pDK370 bound to microtubules after a 15 min incubation was determined for each aliquot as described above. As part of this procedure, DNA is extracted from the supernatant and pellet fractions and then subjected to agarose electrophoresis (see above). Staining of the agarose gel with ethidium bromide revealed bands for the carrier 0X174 DNA and the competitor DNA. The position and intensity of the competitor DNA band were used to measure its stability in the extract. The number of competitor DNA molecules in each binding reaction was calculated from the initial amount added and fragment molecular weight. The number of minichromosomes in each binding reaction was determined from the number of cell equivalents and the calculated yield of minichromosomes from nocodazole arrested cells (Kingsbury and Koshland, 1991 A 75-Ml aliquot of the microtubules was passed through a 25-gauge needle to shear the microtubules to a short length. Pipetmen were used for all subsequent manipulation of microtubules; the disposable tips were clipped near their ends to ensure that the long microtubules were not sheared during pipeting. The length and number of microtubules in the sheared and unsheared microtubule populations were determined as described previously (Koshland et al., 1988) . Mitotic extracts were prepared from 4513-216/pDK370 cells. Aliquots of the long or short microtubules were added to 500-Ml aliquots of the extracts. The percentage of pDK370 minichromosomes bound to microtubules in each binding reaction was determined by our standard microtubule-binding assay.
Effect of NTPs on Minichromosome Binding to Microtubules
Appropriate amounts of stock NTPs (100 mM stock in EBB, pH 7.4) were added to the lysates. After 15 min at 23°C, microtubules (1.5 X 109 Mt/ml final) were added to a mitotic lysates. Binding of minichromosomes to microtubules was monitored as described above. An aliquot of the lysate was removed just after the addition of the NTP and after separation of the supernatant and microtubule pellet fractions. These aliquots were immediately put into a mixture of phenol and water to kill all protein activity. The NTP concentration in the aqueous phase was determined using luciferase (Koshland et al., 1988) .
Centromere Binding to Microtubules with Increasing NaCl Concentration
NaCl concentration of an asynchronous extract was changed by adding increasing volumes of 5 M NaCl stock to 500 Al aliquots of extract.
Five minutes after the addition of the salt, microtubules were added to a final concentration of 2 X 109 Mt/ml. The binding reactions were incubated at 23°C for an additional 15 min. The percentage of minichromosomes bound to microtubules was determined as described above. To determine the stability of microtubules in lysates containing different salt concentrations, aliquots of the binding reactions containing 0.1, 0.2, and 0.3 M NaCl were diluted into the fixative EGS (100 mM in BRB80); microtubule length and number were quantitated as described previously (Koshland et al., 1988) .
Reactivation of Centromeres Inactivated by 0.2 M NaCl
Taxol-stabilized microtubules (1.5 X 109 Mt/ml final) were added to 500 Ml aliquots of a mitotic lysate. After 15 min binding reactions were spun to sediment microtubules. One binding reaction was processed as described above to measure the percentage of minichromosomes in the original lysate bound to microtubules. For the remaining samples all but 10 Al of the supernatant was removed and discarded. Five hundred microliters of EBB with either 0.1 or 0.2 M NaCl was added to the pellet and remaining supernatant. The pellets were resuspended by pipeting the pellet and buffer up and down with a 1-ml pipetman. After 5 min the sample containing 0.2 M salt was separated into two 250-Ml aliquots. One aliquot received an equal volume of EBB with 0.2 M NaCl (keeping the NaCl concentration at 0.2 M); whereas the other got an equal volume of just EBB (reducing the NaCl concentration to a final of 0.1 M). Fresh taxol-stabilized bovine microtubules (3 X 109 Mt/ml final) were added to all aliquots. The binding reactions were incubated for 15 min, and then the percentage of minichromosome bound to microtubules was determined as described above. Vol. 4, August 1993 Inactivation of Microtubule-binding Activity of Centromeres by Sedimentation of Microtubules Through Extracts in 0.2 M NaCI Tubes containing 500-,ul aliquots of a mitotic lysate were brought to 0.2 M NaCl. Microtubules (1.5 X 109 Mt/ml final) were added to a subset of tubes. After 15 min at 23°C, all tubes were spun (15 000 rpm, 8 min). One-half of the supematant was transferred from the original tubes to new tubes. The microtubule pellet and the remaining supematant in the original tubes were pipeted up and down with a 1-ml pipetman multiple times to resuspend the pellets. EBB with or without NaCl was added to each tube to either reduce the NaCl concentration to 0.1 M or to maintain it at 0.2 M. Microtubules (1.5 X 109 Mt/ml final) were added to the appropriate subset of tubes. Fifteen minutes later, all tubes were spun (15 000 rpm, 8 min) for a second time. The percentage of minichromosome in the pellet and supematant fractions was determined (see above).
RESULTS
Chromosome Topology and Centromere Function: Microtubule-binding Activity of Centromeres on Linear and Circular Minichromosomes A yeast strain was constructed that contained the linear minichromosome pDK416L1 (Figure 1 ). The loss rate of pDK416L1 was 10 times the loss rate of circular minichromosomes with a wild-type centromeres ( Figure  1 ). Similar results have been obtained with other linear and circular minichromosomes (Murray and Szostak, 1983) . However, circular minichromosomes with certain CEN DNA mutations can exhibit loss rates almost as high as pDK416L1. These circular minichromosomes are significantly impaired in their binding to microtubules in our in vitro assay (Kingsbury and Koshland, 1991) . Therefore, if the high loss of pDK416L1 was caused by a defect in its centromere's ability to bind microtubules, we should be able to detect this defect with our in vitro assay. With this in mind, mitotic and asynchronous lysates were prepared from cells harboring pDK416L1 (see MATERIALS AND METHODS). Increasing amounts of microtubules were added to these lysates, and the binding of the pDK416L1 minichromosomes to microtubules was assayed. The results were qualitatively similar to the binding observed previously for circular minichromosomes (Kingsbury and Koshland, 1991) .
To obtain a more quantitative comparison of the binding of linear and circular minichromosomes, asynchronous and mitotic lysates were prepared from a mixture of cells containing the linear minichromosome pDK416L1 and the circular minichromosome YCp41 (Figure 1 ). In this way we ensured that the reaction conditions for measuring the binding of the two minichromosomes to microtubules were identical. In the mitotic lysate the percentages of YCp41 and pDK416L1 that bound to microtubules were indistinguishable ( Figure 2A) (Clarke and Carbon, 1980) has a 1.6-kb fragment from chromosome III that contains the 117 bp of CEN3. The plasmid pDK370 (Kingsbury and Koshland, 1991) that were structurally identical to pDK416L1 except they lacked telomeres (Kingsbury and Koshland, 1991) . These results suggested that the efficient assembly and function of the yeast centromere as measured by microtubule binding was independent of the topology of chromosomal DNA and the proximity of the centromere to telomeres. A caveat to this conclusion was that the centromeres of the linear chromosomes might have acquired the ability to bind microtubules in vitro. However, when linear or circular DNA molecules harboring CEN DNA were added to our extracts, they failed to bind microtubules (see below, Kingsbury and Koshland, 1991) . These results suggested that centromeres with microtubule-binding activity could not assemble in our extracts; therefore, the microtubule-binding activity of the YCp41 and pDK416L1 minichromosomes presumably resulted from the assembly of their centromeres in vivo.
The percentage of both the linear and circular minichromosomes bound to microtubules was three-to fivefold greater in the mitotic lysate than in the asynchronous lysate (Figure 2,A on linear chromosomes was induced in mitosis as we had suggested previously for circular minichromosomes (Kingsbury and Koshland, 1991) . However, in the asynchronous lysate, a greater percentage of linear minichromosomes was capable of binding microtubules than circular minichromosomes ( Figure 2B ). This difference may have reflected that dividing cells with linear minichromosomes are more likely to be in mitosis and hence have activated centromeres (see DISCUSSION).
Interaction of CEN DNA and Centromere DNA Binding Factors Yeast centromere DNA is unable to bind microtubules directly (Kingsbury and Koshland, 1991; Hyman et al., 1992) . Moreover, the ability of minichromosomes in our lysates to bind microtubules can be inactivated by trypsin. A purified fraction of yeast proteins can bind to CEN DNA (Lechner and Carbon, 1991) , and the complex is capable of binding to and moving along microtubules (Hyman et al., 1992) . These observations suggest proteins assemble on centromere DNA, and this protein-DNA complex binds microtubules.
We assessed the stability of the protein-DNA interactions of the centromere by an approach originally developed to study the stability of transcription complexes (Bogenhagen et al., 1982) . Lysates were preincubated with increasing amounts of a 1.0-kb restriction fragment harboring CEN6 DNA; this CEN6 DNA was competent to bind centromere factors in vivo and in vitro as evidenced by its ability to promote normal minichromosome segregation in vivo and normal microtubule binding in vitro (Kingsbury and Koshland, 1991) . If the factors bound to the CEN DNA of the minichromosome were undergoing cycles of association and disassociation, then the CEN DNA on the restriction fragment should have competed with the minichromosome CEN DNA for the binding of these factors. This competition should have consequently disrupted binding of the minichromosome to microtubules. In contrast, if the proteins bound to the minichromosome CEN DNA formed a stable complex, then the addition of CEN6 DNA to the extract should have had no affect on minichromosome binding to microtubules. In fact, the presence of CEN6 DNA did not alter the binding of minichromosomes to microtubules even when it was in 2000 molar excess to minichromosomes ( Figure 3A) . The exposure of the minichromosomes to CEN6 DNA lasted .25 minutes (a 10-min preincubation period followed by 15 min during the binding reaction). These results suggested that the complex between the minichromosome's CEN DNA and centromere factors was stable for .25 min.
The validity of our conclusions from these competition experiments requires that the number of exogenous CEN DNA molecules vastly exceeded the number of free centromere proteins in the lysate. To determine whether this was the case, we analyzed the stability of the exogenous CEN DNA and pool size of the CEN DNA binding proteins in the lysate. As no significant degradation of the exogenous CEN DNA was observed after its addition to the lysate ( Figure 3B ), this DNA was stable in the lysate. It had been shown previously that naked CEN3 DNA was digested readily with Dra I, whereas the CEN3 DNA of centromeres assembled in vivo was very resistant to digestion by this enzyme (Saunders et al., 1988 (Vale, 1992) . Therefore, in our exper-)NA LZr7z= iments the number of ends for the sheared and union P 
Inhibition of the Microtubule-binding Activity of Centromeres by NTPs
In the presence of 1 mM ATP, the mechanochemicalmicrotubule motor in the CBF3 fraction briefly translocates along microtubules and then disassociates from them (Hyman et al., 1992) . However, we showed that the addition of 1 mM ATP to lysates had no effect on the binding of minichromosomes to microtubules, suggesting that in vivo-assembled centromeres bound to microtubules in an ATP independent fashion (Kingsbury and Koshland, 1991) . To investigate further this apparent discrepancy we reinvestigated the effect of NTPs on the ability of in vivo-assembled centromeres to bind microtubules (see MATERIALS AND METHODS). In fact higher concentrations of ATP did inhibit binding ( Figure 5A ). At a concentration of 20 mM, CTP and ATP gamma-S inhibited binding to 1-5% like ATP. However UTP was a significantly poorer inhibitor indicating that the amount of inhibition was nucleotide specific ( Figure 5B). The high ATP concentration required for inhibition may have been an artifact of its degradation or sequestration in the lysate. However, free ATP concentration was measured at the time of addition and at the end of the binding reaction (see MATERIALS AND METHODS) and found to vary <10%. Therefore, ATP and other NTPs could inhibit binding of microtubules to in vivo-assembled centromeres in the extract, but the apparent ATP concentration required for this inhibition was greater than the ATP concentration required to disassociate reconstituted centromeres from microtubules (Hyman et al., 1992 (Kingsbury and Koshland, 1991) , we tried increasing the NaCl concentration of the lysate (see MATERIALS AND METHODS). When NaCl concentration was increased to 0.2 M or greater ( Figure  6A ), the amount of minichromosomes bound to microtubules was reduced 5-to 10-fold compared to the amount bound in 0.1 M NaCl. In contrast, the stability of microtubules in the lysates was unaffected by in- creasing NaCl ( Figure 6A ). Thus the inhibition of minichromosome binding to microtubules in 0.2 M NaCl presumably reflected the disruption of the centromere structure.
We tested whether centromeres inactivated by 0.2 M NaCl could be reactivated by lowering the NaCl concentration (see MATERIALS AND METHODS). Minichromosomes in a standard 0.1 M lysate were bound to microtubules, and the complexes were sedimented. The complexes were resuspended in buffer containing either 0.1 or 0.2 M NaCl, and the microtubules were resedimented. In 0.1 M NaCl, the percentage of minichromosomes that resedimented with microtubules (87%) ( Figure 6B ) was even greater than the percentage that sedimented with microtubules from the original lysate (53%). This result is consistent with the enrichment for minichromosomes in the lysate with active centromeres during the first sedimentation of microtubules. When the complexes were resuspended in 0.2 M NaCl, only 3-5% of the minichromosomes resedimented with microtubules ( Figure 6B ). This result corroborated our previous observation that centromere binding to microtubules was inhibited by 0.2 M NaCl. However, when the salt concentration was shifted from 0.2 M back to 0.1 M, now -40% of the minichromosomes resedimented with microtubules ( Figure 6B ). This After 5 min the sample containing 0.2 M NaCl was split in two and each half was diluted twofold with buffer containing 0.2 M NaCl (leaving the NaCl concentration unchanged) or no NaCl (bringing the final NaCl concentration to 0.1 M). The microtubules were then resedimented and the percentage of the minichromosomes that bound to Mt was measured.
amount of binding represented a 13-fold increase relative to complexes that remained in 0.2 M NaCl. This amount of binding was also only 2-fold less than the amount observed for complexes that never experienced 0.2 M NaCl. These results suggest that -50% of the centromeres that were inactivated for microtubulebinding by 0.2 M NaCl could be reactivated by returning the salt concentration to 0.1 M NaCl.
To investigate further the reactivation of salt-inactivated centromeres, we carried out a series of experiments outlined in Figure 7 . A lysate was made in which '60% of the minichromosomes were capable of binding microtubules. The lysates were brought to 0.2 M NaCl to inactivate microtubule binding of these minichromosomes. When the lysate containing 0.2 M NaCl was centrifuged in the absence of microtubules, all of the minichromosomes remained in the supernatant. Thirtytwo percent of the minichromosomes in the supernatant could be sedimented during a second centrifugation (Figure 7, 1) as long as the NaCl concentration was restored to 0.1 M and microtubules were added (Figure 7, 2, and 3) ; thus -50% of the minichromosomes' centromeres that were initially active could be reactivated. The similarity of these results with our previous results suggested that the centrifugation of the lysate while in 0.2 M salt had no effect on subsequent reactivation of centromere function. When the lysate in 0.2 M NaCl was spun in the presence of microtubules, the majority of the minichromosomes remained in the supernatant. However, after the salt concentration of the supernatant fraction was returned to 0.1 M, only 7% of the minichromosomes in the supernatant fraction could be reactivated to bind newly-added microtubules (Figure 7, 4) . This result suggested that centrifugation of a lysate containing both 0.2 M salt and microtubules inhibited subsequent reactivation of centromere function four-to fivefold.
To explain the latter observation, we proposed the following hypothesis. While in high salt, the active form of a centromere factor(s) sedimented with the microtubules rather than remaining in the supernatant with the minichromosomes. Because most minichromosomes in the supernatant lacked this factor, they could not bind newly added microtubules. If this model were correct, minichromosomes in the supernatant might be competent to bind the "conditioned" microtubules (Mts*, Figure 7 ) that had passed through the lysate while in high salt. In fact, minichromosomes in the supernatant fraction sedimented with the conditioned microtubules four times better than to newly added microtubules ( Figure 7, 4 and 5) . Furthermore, the absolute amount of reactivation with these conditioned microtubules (Figure 7, 5) was comparable to what we had observed when no microtubules were added to lysates in 0.2 M NaCl (Figure 7, 1) . These results supported the hypothesis that during the exposure of lysates to 0.2 M NaCl and microtubules, a factor necessary for the minichromosome's centromere to bind microtubules was bound to microtubules.
Disruption of centromere function by 0.2 M NaCl might have occurred by reducing the affinity of the putative centromere protein complex for CEN DNA; centromere reactivation would occur by the reassembly of this complex onto the CEN DNA. If so, the addition of CEN6 DNA to the lysate in 0.2 M NaCl might have inhibited subsequent reactivation of the minichromosome's centromere in 0.1 M NaCl by competing for the binding of the centromere factors. In fact salt-inactivated minichromosomes reactivated to bind microtubules with Figure 7 . Reactivation of centromeres after inactivation in the presence or absence of microtubules. Mitotic lysates were prepared from cells with pDK370. The lysate was brought to 0.2 M NaCl. Aliquots (1, 2, and 3) were centrifugated and the supematant (sup) fractions were brought to 0.1 M NaCl (1 and 3) or maintained at 0.2 M NaCl. Microtubules were (1 and 2) or were not (3) added to the aliquots and then the aliquots were centrifugated for a second time. The percentage of minichromosomes that sedimented was determined (see MATERIALS AND METHODS). Alternatively, aliquots of the lysate in 0.2 M NaCl were centrifugated in the presence of microtubules (4 and 5). The supernatant fractions were then restored to 0.1 M NaCl. Fresh microtubules, Mts (4), or the microtubules that passed through the lysate whereas at 0.2 M NaCl, Mts* (5) (Murray et al., 1986) . Chromosome topology may be important for other potential centromere functions that we can not currently assay (like sister chromatid cohesion or bipolar attachment to the spindle), and the high mitotic loss of linear minichromosomes may reflect impairment of one of these functions.
Transcription of sequences 850 bp from chromosomal telomeres is repressed by as much as 30% (Gottschling et al., 1990 (Kingsbury and Koshland, 1991) . In this study, we observed that the percentage of linear minichromosomes bound to microtubules was several fold greater in lysates made from mitotic cultures compared with those made from asynchronous cultures. This result suggests that the centromeres on linear minichromosomes also are activated in mitosis. In lysates made from asynchronous cultures, the fraction of minichromosomes with active centromeres was greater for linear minichromosomes than circular ones (this study). A comparison of asynchronous cultures showed that the fraction of large budded cells (potential mitotic cells) within a culture increased when the cells contained linear minichromosomes (Murray, Vol. 4, August 1993 In this study we showed that centromere-mediated binding of minichromosomes to microtubules was equally efficient when the microtubule-polymer concentration remained constant but the microtubule-end concentration varied as much as 20-fold. These results strongly suggest that binding efficiency is determined by polymer and not end concentration. Beads coated with yeast CEN DNA and the CBF3 fraction bind to the lateral surface of microtubules (Hyman et al., 1992) . Therefore, our results with in vivo-assembled centromeres are in agreement with results obtained with partially reconstituted centromeres. This polymer dependence may greatly facilitate association of centromeres with the microtubules of the spindle in vivo because polymer concentration is much higher than end concen'tration inside any eukaryotic cell. Our results do not exclude the possibility that once centromeres bind anywhere along the length of the microtubule, they migrate to one of the microtubule's ends where they remain stably attached. This type of behavior has been observed with centromeres of larger eukaryotes (Rieder et al., 1990) . Although the reconstituted yeast centromeres did not show any stable association with microtubule ends (Hyman et al., 1992) , it is possible that these centromeres lack important factors. The analysis of the position of our minichromosomes on microtubules may help to resolve this issue.
The polymer dependence of the microtubule-binding activity of yeast centromeres is reminiscent of mechanochemical microtubule motors. Interestingly, the binding of centromeres to microtubules can be inhibited by 10-20 mM ATP, CTP, and ATP-gamma-S (this study). Given that the NTP concentration must be high to see an inhibitory effect, it is possible that the inhibition is not physiological. However, the binding of some mechanochemical motors to microtubules is inhibited by a spectrum of NTPs (Shimizu et al., 1991) , and in at least one case the NTP concentration must be in the 10-20 mM range (Yen et al., 1992) . Therefore our observations with NTP inhibition are consistant with the notion that the microtubule-binding activity associated with the centromeres of isolated minichromosomes may be mediated by a mechanochemical motor.
In fact, mechanochemical motors have been implicated in mediating the binding of microtubules to in vivo-assembled centromeres in larger eukaryotic cells (Mitchison and Kirschner, 1985; Plarr et al., 1990; Steuer et al., 1990; Hyman and Mitchison, 1991; Yen et al., 1992) and reconstituted centromeres from yeast (Hyman et al., 1992) . However, the difference in ATP concentration required to disassociate the minichromosomes' centromeres (10-20 mM) (this study) and reconstituted centromeres (1 mM) (Hyman et al., 1992) suggests that the putative motor on isolated minichromosomes may have a much higher affinity for microtubules than the motor associated with reconstituted centromeres. Or, the affinity of centromeres assembled in vivo for microtubules may reflect the binding by a mechanochemical motor and other microtubule-binding components yet to be identified. We note that a high affinity of centromeres for microtubules is expected in vivo. Anaphase in yeast lasts 20 min, and centromeres bind to one or two microtubules at most. If chromosomes are to segregate properly, they must remain bound to these microtubules for most of anaphase, i.e., for .10-20 min (Palmer et al., 1989) . Interestingly, one newly identified kinesin-like molecule that is associated with the mammalian centromere requires high levels of ATP to be disassociated from microtubules in vitro (Yen et al., 1992) .
Stability and Reactivation of Centromeres In Vitro
In this study we observed that the centromere's ability to bind microtubules could be inactivated by raising the salt concentration to 0.2 M and then partially reactivated by lowering the salt concentration to 0.1 M. When lysates were exposed transiently to microtubules and 0.2 M salt, the minichromosomes in the lysate reactivated to bind these conditioned microtubules much more efficiently than to naive microtubules. From these observations we propose that when centromeres are inactivated by 0.2 M salt in the presence of microtubules, the active form of a centromere factor(s) necessary for microtubule binding associates with microtubules. We also observed that the addition of centromere DNA to the lysates in 0.1 M salt did not inhibit the minichromosomes' centromeres from binding to microtubules. Furthermore, the addition of CEN DNA to lysates in 0.2 M salt did not prevent the reactivation of the minichromosomes' centromeres. These observations suggest that some centromere proteins bind to CEN DNA to form an extremely stable core even in 0.2 M salt.
A simple and attractive model to explain these observations is that the centromere consists of two domains whose interaction can be influenced in vitro by salt (Figure 8 ). The first domain is formed by a stable core found between CEN DNA and CEN DNA binding proteins (Figure 8, M) . The presence of this core is supported by other in vitro and in vivo observations. Proteins in yeast lysates that bind to CEN DNA were monitored by a band shift assay (Ng and Carbon, 1987) . In these studies complexes formed between the putative CEN proteins and CEN DNA were stable to the subsequent addition of molar excess of CEN DNA. Furthermore, the analysis of yeast chromatin structure in (Schroer et al., 1989; Plarr et al., 1990) and can be disassociated from the kinetochore in vitro by 0.15 M salt (Wordeman et al., 1991) . In addition CENPE, a kinesin-like molecule has been shown to reversibly associate with kinetochores in vivo; upon disassociation from the kinetochore, it appears bound to microtubules (Compton et al., 1991; Yen et al., 1992) . Thus, the association of these mechanochemical motors with the kinetochore and microtubules is strongly reminiscent of the microtubule-binding component observed in this study.
In conclusion, in our in vitro system we can apparently modulate the affinity of a microtubule-binding component to the centromere core by changing the salt concentration. Although this is unlikely to be physiological, it is possible that in vivo the association of the microtubule-binding component with the core is regulated by some other mechanism (e.g., phosphorylation) and that this regulated assembly is important for the control of centromere function. Currently we are purifying the microtubule-binding component in this second domain to address its molecular function and to determine whether its binding to centromeres is regulated.
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